Objectives In low-resource settings, limitations in diagnostic accuracy of chest X-rays (CXR) for pulmonary tuberculosis (PTB) relate partly to non-expert interpretation. We piloted a TB CXR Image Reference Set (TIRS) to improve non-expert performance in an operational setting in Malawi. Methods Nineteen doctors and clinical officers read 60 CXR of patients with suspected PTB, at baseline and using TIRS. Two officers also used the CXR Reading and Recording System (CRRS). Correct treatment decisions were assessed against a "gold standard" of mycobacterial culture and expert performance. Results TIRS significantly increased overall non-expert sensitivity from 67.6 (SD 14.9) to 75.5 (SD 11.1, P= 0.013), approaching expert values of 84.2 (SD 5.2). Among doctors, correct decisions increased from 60.7 % (SD 7.9) to 67.1 % (SD 8.0, P=0.054). Clinical officers increased in sensitivity from 68.0 % (SD 15) to 77.4 % (SD 10.7, P= 0.056), but decreased in specificity from 55.0 % (SD 23.9) to 40.8 % (SD 10.4, P= 0.049). Two officers made correct treatment decisions with TIRS in 62.7 %. CRRS training increased this to 67.8 %. Conclusion Use of a CXR image reference set increased correct decisions by doctors to treat PTB. This tool may provide a low-cost intervention improving non-expert performance, translating into improved clinical care. Further evaluation is warranted. • In low-resource settings, CXR interpretation is performed largely by non-experts.
Introduction
Despite the announcement by the World Health Organisation (WHO) in 1993 that tuberculosis (TB) was a 'global emergency' requiring significant investment in both programmatic and research sectors, there were almost 9 million new TB cases globally in 2011, with 1.5 million deaths [1] . Effective treatment relies on a lengthy drug regimen and diagnosis remains challenging. Sputum smear microscopy and culture are established diagnostic standards [1] , with chest X-ray (CXR) being called into question due to limited diagnostic accuracy and poor film quality, particularly in low-resource settings. Despite these limitations, many diagnostic algorithms still include CXR [2] [3] [4] [5] . Furthermore, in resource-poor settings, where the majority of TB patients are diagnosed, infrastructure is often erratic and unreliable [1] . Smear-microscopy becomes less accurate when throughput is high and depends on the health and presence of key workers [6] . Even as more sensitive molecular tests for pulmonary tuberculosis (PTB), such as GeneXpert, become available, CXR remains necessary in the evaluation of patients with compatible symptoms but negative laboratory results. Therefore, there remains a need to address poor film quality and improve observer performance.
Few investigators have sought to improve CXR interpretation by non-experts in the routine diagnostic process, despite the fact that most of the readers globally are necessarily nonexpert. In low-resource settings, clinical care is largely delivered by single-handed, often junior, physicians or clinical officers (COs), who have received training of variable length and quality. In addition, it is well recognised that non-experts show lower diagnostic accuracy than experts [7] . Recruiting COs to undertake screening using CXR showed good results, but required intensive training and supervision [8] . Manuals and short courses are available, some of which advocate standardised radiological reporting, but their effect has not been validated. In addition, retaining complex reporting skills is a challenge, while cost and staffing constraints preclude large-scale access to such training.
As an alternative approach, we hypothesised that an interpretation aid based on comparison of the CXR with a set of reference images could be a more practical, low-cost tool to improve non-expert performance. The objective of this study was to pilot such a tool under operational conditions in Malawi. In addition, we compared the tool with the effect of short course training for standardised reporting.
Methods

Study setting
The study was conducted between April and June 2010, at the Queen Elizabeth Central Hospital (QECH), a tertiary referral hospital in Blantyre, Malawi. Blantyre had an estimated TB incidence of 304/100 000 in 2009 (WHO report 2009-global tuberculosis control). Malawi is among the ten poorest countries worldwide in terms of both GDP and per capita income, and has approximately one doctor per 100,000 of the population. Ethical approval was granted by the College of Medicine Research Ethics Committee, University of Malawi (P.04/05/353) and the Ethics committee of the Liverpool School of Tropical Medicine.
Participants
All COs and junior or middle-grade doctors (DRs) in the Department of Medicine were invited. A CO has completed a 3-year diploma in Clinical Medicine, Surgery and Community Health and a 1-year internship. A junior doctor has 1 year's post-qualification experience and a middle-grade of at least 2. A questionnaire on training and experience was completed (online appendix A). Three radiologists, with at least 5 years' experience in TB CXR participated S.K., E.J., K.I., S.K. being the sole radiologist in Malawi when this study was undertaken. Two COs were selected to attend the Chest Radiograph Reading and Recording System (CRRS) course in May 2010 in South Africa.
CXR test set
The test set was compiled from new, adult PTB suspects participating in a study investigating early mortality in PTB [9] . Unlike most of the TB cases managed at QECH, CXR and microbiological culture results were available for all. To minimise confounding factors in this pilot study, those with previous or extra-pulmonary disease were excluded, as well as HIV positive patients who had been established on antiretroviral therapy. The principal investigator (C.W.) randomly selected 60 X-rays from smear-positive, culture-positive (23), smear-negative, culture-positive (17) and smear-negative, culture-negative (20) patients. All films were anonymised and digitised [10] . The culture-negative group included six normal X-rays, three films suggestive of PTB and ten X-rays with abnormalities not considered characteristic of PTB. Of these, six had confirmed diagnoses: cardiac failure, metastases, lymphoma, Pneumocystis jirovecii pneumonia, Kaposi's sarcoma and pneumococcal pneumonia. The remaining films were suggestive of congestive cardiac failure, primary lung malignancy and chronic obstructive pulmonary disease. HIV status was not taken into account during film selection, but retrospectively documented as 68 %.
Tuberculosis CXR image reference set Anonymised images were selected from teaching material (E.J.), including both high-quality digital X-rays, as well as X-rays from settings similar to Malawi. A spectrum of PTB appearances in adults was presented in 17 black and white, A4 paper prints of JPEG files. This included two examples of atypical presentation in HIV co-infected patients, e.g. focal lower lobe pneumonia. In addition, examples of a normal CXR, an over-exposed and an under-exposed film were included, as well as seven examples of common diagnoses, not typical of PTB, e.g. cardiac failure and septic emboli. Text was deliberately kept to a minimum, describing only the intended use of the tool, the characteristics of a normal film and diagnosis and likelihood of PTB for each image. Figure 1 illustrates sample images.
Reading of the CXR test set
Readers were aware that films were from PTB suspects, but blinded to other results. They answered two questions: "Would you treat this as PTB? Yes or no?" and: "How certain are you of your decision?" (online appendix B). This format, rather than a detailed radiological film description, was chosen to reflect the clinical setting and force a decision [11] . Reading time was documented. All participants reviewed the set at baseline. Subsequently, the set was reread by COs and DRs, using the Tuberculosis CXR Image Reference Set (TIRS). Two COs then attended the CRRS course in South Africa and re-read the test set after a 3-week interval on return to Malawi. One week later these two COs re-read the set again using the standardised CRRS proforma (online appendix C). Before every reading the set was reshuffled.
Outcome measures
The primary outcome was the number of correct decisions to treat for PTB, using TIRS, compared with the "gold standard" of mycobacterial culture. Secondary outcomes were the comparison of performance between non-experts and experts, effect of CRRS training, level of certainty of diagnosis and time taken to read.
Data analysis
Results for one culture-negative film were removed after expert readings identified miliary TB (categorised as extrapulmonary TB). Using the remaining 59 films and subsequently the subset of smear-negative, culturepositive films, the following were computed for the treatment decisions of each participant at baseline and for all non-experts using TIRS (taking culture outcome as the "gold standard"): sensitivity, specificity, absolute percentage agreement between treatment decision and culture result, as well as this agreement corrected for chance (kappa statistic). The kappa statistic was calculated for chance agreement with the gold-standard of culture, rather than for inter-observer agreement as is commonly used in imaging studies because our hypothesis related to increasing the number of correct decisions, rather than increasing observer agreement. Participants rated their level of certainty on a four-point scale: 1=0 % sure, 2=up to 30 % sure, 3=30-60 % sure, 4=60-100 % sure. Averages of these statistics are reported for the CO and DR cohorts, both separately and combined, as means and standard deviations; the changes from baseline to TIRS are reported as mean differences with their 95 % confidence intervals (adjusted for clustering within participants). Mean changes in certainty scores were also computed for correct and incorrect diagnoses separately. Finally, the average scores at baseline, with TIRS, and then with CRRS, are reported for the two COs who went to CRRS; no formal statistical comparisons were possible with this small sample. Similarly, results were not considered separately by HIV status, given the low power generated by inclusion of only 19 films from HIV-negative subjects in the test set. Statistical significance was set at the conventional 5 % level for all analyses. Kappa values of>0.207 were considered to be statistically significant.
Results
Participants
The study recruited 24 participants: 11 COs, 10 DRs and 3 radiologists. Two DRs failed to complete all readings and were excluded from analysis. DRs had significantly more self-reported training in CXR interpretation than COs (88 % vs 63 %, P=0.02).
Accuracy of decision to treat
Changes in mean percentage of agreement with the culture gold standard and in agreement corrected for chance for nonexperts at baseline and with TIRS, and subset analysis for the smear-negative, culture-positive CXRs, are summarised in Tables 1 and 2 . Comparison with expert agreement, sensitivity and specificity are shown in Figs. 2 and 3. In the subset analysis of smear-negative, culture-positive films, TIRS did not change any of the parameters for the non-expert group as a whole, nor for the subgroup of DRs. For COs the percentage of correct decisions did not change, but a non-significant reduction in specificity from 54.1 (SD 23.2) to 40.3 (SD 11.9, P=0.051) was noted.
Non-expert accuracy compared with experts
Experts showed a higher mean percentage of correct decisions at baseline than all non-experts combined. However, this difference was not significant: 67.8 (SD 8.9) vs 62.5 (SD 7.6). Specificity was equal at 49.1 (SD 11.0) and 51.7 (SD 20.3). Sensitivity of experts was higher at 84.2 (SD 5.2) vs 67.6 (SD 14.9). Using TIRS, non-expert percentage agreement and specificity did not change significantly. Sensitivity increased to 75.5 (SD 11.1) and approached expert values at 84.2 (SD 5.2). For the subgroups of DRs and COs, all results followed this same pattern. For the smear-negative subset there were no significant differences between experts and non-experts in mean percentage of agreement with the gold standard or specificity, either at baseline or using TIRS (Fig. 3) . Mean sensitivity for experts was higher than for non-experts at 80.4 (SD 6.8) vs 69.4 (SD 16.9), but not significantly different. The same was noted for both DR and CO subgroups.
Clinical officer accuracy after CRRS training
Results for readings after CRRS are presented in Table 3 . The small number of CXRs in the smear-negative subset precluded meaningful subgroup analysis for these two readers. Using the standardised CRRS proforma, the average percentage agreement with the gold standard increased from 62.7 (with TIRS) to 71.2, with agreement corrected for chance increasing from κ=0.181 to 0.367 (Table 3) . Sensitivity increased from 68.8 to 75.0 and specificity from 50 to 63. Using our question regarding decision to treat, the percentage agreements and kappa increased to 67.8 and 0.256 respectively. Sensitivity increased to 79.8, while specificity decreased to 44.8 %.
Levels of certainty
Certainty scores with TIRS for all non-experts increased significantly from 3.08 (SD 0.78) to 3.38 (SD 0.69, P=0.002) for a correct decision and from 2.92 (SD 0.82) to 3.28 (SD 0.76, P= 0.002) for an incorrect decision. There was no change in certainty levels for the subgroup of DRs, while COs showed significantly increased confidence for correct and incorrect decisions. A similar increase in scores was noted after CRRS. Expert certainty scores were significantly higher for correct than for incorrect decisions and higher than non-expert scores overall.
Time taken to read
The TIRS increased reading time from 50 s to 70 s per film. The CRRS standardised proforma increased time from 50 s per film to just over 4 min.
Discussion
This pilot shows that TIRS demonstrated a trend towards increasing the number of correct decisions to treat PTB among DRs in the routine clinical setting in Malawi, with improvements in both sensitivity and agreement between CXR interpretation and mycobacterial culture. For COs the outcomes were different, showing no increase in the number of correct decisions, but a trend towards increased sensitivity. The associated loss in their specificity indicates a shift in decision-making from under-diagnosis to over-diagnosis. This difference between the two subgroups might be explained by the fact that DRs had received significantly more formal background training in reading CXRs; the tool may enable recall of prior knowledge, including alternative CXR diagnoses. The latter would also account for their improved specificity, as opposed to the COs' reduction in specificity. For the subset of smear-negative films there was no difference in number of correct decisions, which poses a challenge, as this is a group of patients where CXR is particularly important [2, 3] . This may relate to the high HIV prevalence, where CXR has lower accuracy [12] .
Interpretation by COs and DRs overlapped with expert interpretation at baseline, and with TIRS (Fig. 2) . Sensitivity was similar to previous reports of non-expert readings from Nepal and Malawi and to expert readings from Kenya and South Africa (Table 4) [3, 12, 19] . Specificity was lower, which is most likely related to high HIV prevalence in our test set and the use of expert reference standards, rather than mycobacterial culture, in previous non-expert reading studies. Standard deviations (SD) for non-expert readers were wide, despite the relatively large number of readers. This reflects the difficulties non-experts encountered. Interestingly, the almost randomly achieved (κ<0.2068) correct number of decisions by non-experts at baseline is very close to expert numbers, and performance for both groups is limited with 61-68 % correct decisions. However, when analysed in more detail, experts appear to take a more informed decision (with higher agreement corrected for chance) and err on the side of false-positive treatment decisions (higher sensitivity). With TIRS, non-experts and, in particular, DRs not only improve their overall performance, but alter their decisionmaking to coincide more with expert decision patterns. In the context of inadequate TB case-detection in many developing countries [1] , a tendency to over-treat is better for TB control than a tendency to under-treat.
The CRRS training and standardised reporting were developed for prevalence surveys. Good inter-observer agreement between two experts was reported [16] . However, subsequent use in HIV screening showed sensitivity and specificity similar to several other studies using nonstandardised reporting (Table 4 ) [13] . It is advocated for use in the clinical setting, but to our knowledge has not been validated. We observed an increase in the number of correct decisions from 63 % with TIRS to 71 % using the CRRS proforma, with an associated increase in agreement corrected for chance. However, this increase was less marked (63 % to 68 %) when using the question: "Would you treat?" and specificity in particular dropped to baseline levels. As completing the CRRS proforma increased reading time from 1 min to 4 min per film, this poses a challenge in a busy clinical setting Non-experts are generally aware of their limited diagnostic accuracy and, therefore, we were interested to assess whether TIRS might increase confidence and reduce the desire for second opinions. Although DRs showed improvement in accuracy, confidence did not alter. Confidence of COs did increase, regardless of their decision, in effect providing a false sense of security with a potentially negative effect on referral patterns.
A major strength of this pilot is our rigorous assessment of the impact of TIRS in keeping with current guidelines on reporting of diagnostic accuracy studies [20] . Studies of CXR performance in PTB vary widely in outcome (Table 4) . This is partly related to variations in prevalence and imaging characteristics in the population tested, but more often to methodology applied, such as number of readers, choice of reference standard and presentation of results as observer agreement or sensitivity and specificity. This creates confusion in the interpretation of study outcomes and the perceived validity of CXRs. For example, good observer agreement between two experts does not necessarily equate to high diagnostic accuracy against a culture gold standard. In addition, an expert panel is often the only reference standard available, but in PTB is particularly prone to error. As we have shown, our expert readers were incorrect in 30 % of cases. To our knowledge, this pilot is the first assessment of non-expert performance against a gold standard of culture. In addition, we corrected for chance agreement with the gold standard and for clustering within raters. This resulted in a rigorous assessment of effect. For example, COs apparently improved with TIRS, but once corrected for chance, may actually still be guessing. Similarly, using a large number of non-expert readers and dividing them into subgroups of DRs and COs with information on levels of training helped to explain the different effect of TIRS on each subgroup. Several limitations are present. The results for the CRRS readings should be viewed with caution as only two COs could attend. This highlights the prohibitive expenses in settings similar to Malawi of attending such courses. Using a simulation film set does not fully reflect clinical practice. Similarly, excluding patients with a previous history of TB may have influenced results. Paper prints of X-rays limit image resolution and visibility of small nodules, potentially important for PTB diagnosis. However, most films in low resource settings are of limited quality, with similar limitations in resolution. Further validation, in a clinical setting and including cases with previous TB, will be required. In addition, we used the same film set for all readings, which may have biased results, despite films being re-shuffled. In the culture-negative subset not all diagnoses could be confirmed, owing to limited resources, and culture-negative PTB may have been present.
In the population tested, it is arguable whether improving non-expert performance is required, as experts performed only marginally better. On the other hand, although improvements were modest, some promise for the DRs was noted, even in this population. Evaluation of a larger number of non-expert clinicians in a range of populations (e.g. low HIV prevalence/screening in people living with HIV) may reveal superior results. If so, low cost and simplicity are strengths that may justify implementation, even if benefits are small. The lack of effect in the smear-negative group is a limitation, but when access to laboratory tests is limited, the tool may be helpful. Until fast turn-around molecular or microbiological diagnosis of PTB is universally available, CXR will still be used across the globe by non-expert readers to inform treatment decisions. We suggest that low-cost, easily delivered interventions aimed at improving CXR interpretation will have greater overall impact than more expensive and time consuming options such as training courses or teleradiology.
In conclusion, a pulmonary tuberculosis CXR image reference set increased the number of correct decisions to treat pulmonary tuberculosis by non-experts in the operational setting in Malawi. This effect was more marked for doctors than clinical officers. Further evaluation of this tool in clinical practice may provide a validated, simple, low-cost intervention to improve non-expert reader performance.
